Summary. Type 2 (non-insulin-dependent) diabetes mellitus is characterized by decreased levels of glucose 6-phosphate in skeletal muscle. It has been suggested that the lower concentrations of glucose 6-phosphate contribute to the defect in glucose metabolism noted in muscle tissue of subjects with Type 2 diabetes or subjects at increased risk of developing Type 2 diabetes. Lower levels of glucose 6-phosphate could be due to a defect in glucose uptake, or phosphorylation, or both. Hexokinase II is the isozyme of hexokinase that is expressed in skeletal muscle and is responsible for catalysing the phosphorylation of glucose in this tissue. The recent demonstration that mutations in another member of this family of glucose phosphorylating enzymes, glucokinase, can lead to the development of Type 2 diabetes prompted us to begin to examine the possible role of hexokinase II in the development of this genetically heterogeneous disorder. As a first step, we have cloned the human hexokinase II gene (HK2) and mapped it to human chromosome 2, band pl 3.1, by fluorescence in situ hybridization to metaphase chromosomes. In addition, we have identified and characterized a simple tandem repeat DNA polymorphism in HK2 and used this DNA polymorphism to localize this gene within the genetic linkage map of chromosome 2.
Insulin resistance is characterized by a defect in the nonoxidative metabolism of glucose in muscle [1] . In vivo studies using 31p nuclear magnetic resonance measurements of muscle glucose 6-phosphate (G6 P) levels have shown that concentrations of this intermediate of glucose metabolism were much lower in subjects with Type 2 (non-insulin-dependent) diabetes mellitus than in ageand weight-matched control subjects [2] . The lower concentration of G6 P in muscle of diabetic subjects may be due to a defect in the uptake or phosphorylation of glucose. The phosphorylation of glucose in mammalian tissues is mediated by a family of hexose phosphotransferases [3] . These include hexokinases I, If and III, and glucokinase, of which hexokinase II is the isozyme expressed in skeletal muscle. The recent demonstration that mutations in glucokinase, the enzyme responsible for the phosphorylation of glucose in pancreatic beta cells and hepatocytes, are associated with an autosomal dominant form of Type2 diabetes with onset during childhood [4] [5] [6] [7] prompted us to consider a possible role of hexokinase II in the development of Type 2 diabetes. As a first step in these studies, we have localized the human hexokinase II gene (HK2) by fluorescence in situ hybridization to chromosome 2, band p13.1. In addition, we identified and characterized a simple tandem repeat DNA polymorphism (STRP) in HK2 and used this STRP to localize ItK2 within the genetic linkage map of chromosome 2.
Materials and methods

General methods
Standard methods were carried out as described in Sambrook et al. [8] . DNA sequencing was done by the dideoxynucleotide chain termination procedure after subcloning appropriate DNA fragments into M13 mp18 or M13 rap19.
Isolation of the human HK2 gene
A human male placenta genomic library in 2FIXII (Stratagene, La Jolla, Calif., USA; catalogue no. 946 203) was screened by hybridization with a 32p-labelled rat hexokinase II cDNA fragment corresponding to nucleotides 1775-2440 of the rat cDNA sequence [9] . Sixteen clones were obtained and designated 2hHK2 i to -16. final extension step of 10 rain. The PCR products were resolved on a 5 % denaturing polyacrylamide gel. [12] were typed using the STRP identified in HK2. Two-point and multipoint linkage analyses were performed using the CLOD-SCORE and CILINK computer programs of the LINKAGE package [13] and marker data in the CEPH database, version 6. showing specific labelling at 2p13.1 (arrowhead). Images were obtained using a Zeiss Axiophot microscope coupled to a themloelectrically cooled charge coupled device camera. Separate images of DAPI-stained chromosomes and the hybridization signal were merged using image analysis software (IPLab Spectrum and GeneJoin)
Fluorescence in situ chromosomal hybridization
Human metaphase chromosomes were prepared from phytohaemagglutinin-stimulated blood lymphocytes. Fluorescence in situ hybridization was performed as described previously [10] using the clone 2hHK2-7 which has an insert of approximately 15 kilobases (kb). Probes were prepared by nick-translation using Biotin-11-dUTP (Boehringer Mannheim, Indianapolis, Ind., USA). Hybridization with biotin-labelled probes was detected with fluoresceinconjugated avidin (Vector Laboratories, Burlingame, Calif., USA). Chromosomes were identified by staining with 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI).
Identification o f a n STRP
From each HK2 genomic clone, i gg of DNA was digested with BamHI and after electrophoretic separation blotted onto a nitrocellulose filter and hybridized with 32p-labelled poly (dA-dC)-poly (dG-dT) (Pharmacia LKB Biotechnology, Piscataway, NJ, USA) as described previously [11] . A 2.3 kb fragment of 2hHK2-7 showed a strong hybridization signal. This fragment was isolated, subcloned into the BamHI site of M13 mpl8 and sequenced.
Results
Cloning and chromosomal localization of human HK2
A segment of rat hexokinase II corresponding to nucleotides 1775-2440 of the published c D N A sequence was amplified in vitro from rat skeletal muscle c D N A using the primers 5
' -A G A C T T C T T G G C C T T G G G A T C -3 ' and 5'-A T G C C G C T G A T C A T C T F C T C -3 ' .
The sequence of the 666 bp P C R product was identical to that of the corresponding region of rat hexokinase II c D N A . We used this partial rat hexokinase c D N A as a probe to screen a h u m a n genomic library in phage 2. Sixteen clones were isolated. The partial sequence of 2 H K 2 -7 (data not shown) identified three exons corresponding to exons 13-15 of the rat hexokinase gene [14] . There was 90.5 % nucleotide and 97.6 % amino acid sequence identity with the sequence of rat hexokinase II m R N A and protein in this region. This degree of nucleotide and amino acid sequence identity suggested that we had indeed isolated the h u m a n HK2.
The technique of fluorescence in situ hybridization in which biotin-labelled A H K 2 -7 D N A was hybridized to normal h u m a n metaphase chromosomes was used to 
Amplification of the STRP
Two primers flanking the CA repeat-rich region identified in HK2, HK2-1 and HK2-2, were selected by inspection and used to amplify the approximately 224 base pair (bp) region containing this repetitive sequence. The polymerase chain reaction (PCR) was performed using 32p-labelled HK2-1 and unlabelled HK2-2. DNA was denatured at 94 ~ for 5 min, followed by 30 cycles of denaturation at 94 ~ for 1 min, annealing at 60 ~ for 30 s, extension at 72 ~ for 90 s and a
Identification and characterization of an STRP in HK2
The sixteen h u m a n HK2 genomic clones were screened for the presence of STRPs by hybridization with 32p-labelled poly (dA-dC)-poly (dG-dT). One such sequence of the form (CA)20 was found in ,~hHK2-7 (Fig. 2 a) . Assuming that the organization of the h u m a n and rat hexokinase II genes are identical, this S T R P is predicted to be in the i ~The polymorphic information content (PIC) value is another measure of the degree of polymorphism of a marker. It is defined as the probability that the marker genotype of a given offspring will allow deduction of which of the two marker alleles of the affected parent it had received [18] intron between exons 13 and 14. Amplification of this repeat sequence using P C R showed that it was highly polymorphic with 13 alleles (Fig. 2b , Table 1 ). Note that the amount of radioactivity incorporated into the two alleles may differ considerably, e.g. individuals with genotypes 1,12, 5,8 and 2,13 in Figure 2b . This difference in intensity was also seen when this region was amplified with another pair of oligonucleotides. We do not know the reason for this difference. The heterozygosity, i.e. the proportion of individuals expected to be heterozygous at this locus, of this S T R P was 0.63 in a group of 32 unrelated Caucasian subjects and 0.53 in 50 unrelated Chinese subjects. The HK2 S T R P showed co-dominant inheritance in ten families.
A G T G T G G C T G C A T G G G T T G G G A G G A A G A T T A A C T C A A G C G T C G T T C A G C A TCACACCGACGTACCCAACCCTCCTTCTAATTGAGTTCGCAGCAAGTCGT HK2 -1 51 G T T T A G T G T G C A C T G T G T G T C A A G C A A T G C T C T C A G C A C T G G C G T T C A G G CAAATCACACGTGACACACAGTTCGTTACGAGAGTCGTGACCGCAAGTCC i0! A G T G A C C A C A A C A A A G C T T T G T T C T A T A A A G T C C A T G A C C T A G T G G C A G G TCACTGGTGTTGTTTCGAAACAAGATATTTCAGGTACTGGATCACCGTCC 151 T G C T G T T A A G A G C T G T G A~C
Localization of ilK2 in the framework linkage map of chromosome 2
Two-point linkage analyses carried out between the HK2 S T R P and other c h r o m o s o m e 2 markers in the C E P H database showed significant evidence of linkage (i.e. a lod score of > 3) with nine loci on the short arm of chromosome 2 (Table 2) HK2 is flanked by two highly polymorphic S T R P s , D2 S145 and D2 S169 [17] , and these markers will be useful for typing those families in which HK2 is not fully informative for linkage purposes.
Discussion
The insulin resistance of Type 2 diabetes is characterized by a defect in glucose metabolism in muscle including decreased levels of G 6 P [1,2]. Since hexokinase II is respon-sible for glucose phosphorylation in muscle cells [3, 14] , mutations that affect the function of this enzyme may contribute to the development of insulin resistance and Type 2 diabetes. Preliminary linkage studies in two large Finnish families with classic late-onset Type 2 diabetes suggest that HK2 is not tightly linked to diabetes in these families. However, as Type 2 diabetes is a genetically heterogeneous disorder, this result does not exclude a role for HK2 in the development of diabetes in other families. The STRP that we have identified will facilitate genetic studies of ilK2 in subjects with Type 2 diabetes.
